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ABSTRACT
The welding parameters; voltage, current and travel
speed, have been examined to determine the optimum
values for two conwnercial fluxes. The two fluxes;
Lincoln 880, and Oerlikon 0P121TT were also tested to
determine the reasons for a reported difference in
toughness, even though the flux compositions were
nearly identical.
The welding parameters were varied in a
statistically designed experimental program. Weld metal
toughness was measured by the Charpy'V" notch test at a
temperature of -50 degrees C. The weld metal chemistry
was measured near the notch of the Charpy specimen and
the type of non-metallic inclusions was determined by X-
ray fluorescence. The results show that both fluxes are
able to produce Charpy energy values of above 80 Joules
when the correct values of voltage, current
speed are used. The standard deviation
energies for the welds made with 0P121TT was
that of the welds made with Lincoln 880. The
of Charpy energy of both fluxes was





pract i cal 1 y
Inclusions in the weld metal were found to consist
primarily of silicon, aluminum, manganese and calcium.
Aluminum and calcium are found primarily in the fluxes,
while silicon and manganese are in the flux, the
electrode and the baseplate. The number and
distribution of inclusions did not appear to alter the
toughness.

Chemical analysis o-f the -fluxes revealed minor
chemical differences. The 0P121TT contained 2 'A MnO,
and produced weld metal 0.2 V. richer in Mn than did the
Lincoln 880. Sodium was detected in the Lincoln 880 but
not in the 0P121TT. Potassium was not found in the
Lincoln 880 but was discovered in the 0P121TT. These
slight differences could be the cause of the performance
variations between the two fluxes.
Significant differences were found in the toughness
due to variations in the welding parameters. Most
influential were current and travel speed. No direct
correlation was found between heat input and fracture
toughness, however optimum toughness was attained at a
heat input of 2.3 KJ/mnn for both fluxes.
The loss of Mn was found to depend on welding
current when using the Lincoln 880 flux. The loss
occurs because this flux lacks MnO which prevented the
loss of Mn when welding with 0P121TT. The degree of
loss in the case of Lincoln 880 is at least partially
explained by the variations in arc length caused by the
welding parameters.
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Submerged arc welding has become an important
method o-f joining. It o-f-fers the bene-fits o-f rapid
deposition combined with autcxnatic or semiautomatic
control. Since its introduction in the lySO's
improvements in the -fluxes and electrodes have resulted
in higher quality deposits. The "quality" can be
measured in many ways, but one important -factor is
-fracture toughness. Toughness becomes more important as
material strength increases because higher strength
material is less tolerant o-f large -flaws. The
construction o-f pressure vessels, sutxnarines, and
structural members -from high strength steels places
signi-ficant emphasis on notch toughness. For this reason
much e-ffort has been expended on developing tests to
measure toughness and to control weld metal chemistry.
Mi crostructure control has dominated the research, o-ften
-focusing on additions o-f alloying elements to the base
plate, electrode or -flux. Although the chemical
composition o-f the weld is important, o-f equal concern
is the thermal cycle o-f the welding process. Heating
o-f the base plate adjacent to the weld may cause
deterioration in the mechanical properties o-f the joint.
It is the cooling rate and the weld metal composition





There are many factors to consider when attempting
to control the properties o-f the welded Joint. It is
perhaps worthwhile to list seme o-f the most important




a. composi t i on
b. original mi crostructure
2. Flux





4. par tide size
3. Electrode





c. weld travel speed




•f electrode stickout or extension
g. electrode feed rate
h. number of electrodes




There are a number o-f less si gni-f leant variables
Mhich are not included in this list. Unfortunately the
interactions and interrelations o-f these variables are
not well knoujn. Many o-f the variables are
interdependent and the control o-f any one can be a
major undertaking. For example, the actual composition
o-f any two heats o-f steel can vary markedly from the aim
analysis. Steel plate is ordered to meet spec i -f i cat i ons
which re-flect the trade o-f-f between compositional
control and the cost o-f obtaining that control.
The choice o-f welding consumables and spec i -fie
welding parameters is critical to the production o-f high
quality welds. The choices are many and the -factors are
Interrelated In ways which are not -fully understood.
Selection o-f consumables and welding parameters usually
begins with trial and error testing. Experience with a
given welding process makes this testing easier, but the
variables are so numerous that It is o-f ten dl-f-ficult to
determine valid trends.
The study presented here has -focused on a
systematic variation o-f what are commonly considered key
parameters In sut»nerged arc welding, namely: voltage,
current and travel speed. The resulting weld toughness
is the variable that is to be optimized. Learning how
the variables in-fluence toughness is the Immediate goal,
but developing a -framework -for -further study o-f the
fundamental factors controlling submerged arc weld
12

•fracture toughness Is a more general concern.
In addition, two -fluxes o-f nearly identical composition
have been reported to produce di-f-ferent toughness welds
CI 3. An explanation -for this behavior is sought.
1.2.1 Base Plate
The chemical cc»nposltion o-f HY-80 made to military
spec I -f I cat I on 121 is shown in table 1. Considerable
experience has been obtained with this material and the
chemistry limits Imposed are the -first step in the
control o-f the physical properties. HY-80 is a quenched
and tempered steel which achieves consistant properties
In heavy sections through extensive alloying. A br I e-f
description o-f the role o-f these alloying elements Is
given below.
The carbon content is adjusted to Insure good
hardenabi 1 i ty and at the same time good weldability.
Too much carbon will impair weldability. Manganese is
added to improve the hardenabi 1 I ty and to reduce
problems associated with sul-fur. The phosphorous and
sul-fur content are required to be ] om because these
elements can reduce toughness and cause hot tearing.
Silicon is added to control oxygen content. Molybdenum
helps to minimize susceptibility to temper embr I t t 1 ement
while also increasing hardenabi 1 i ty. Nickel improves










































Note S + P must be less than .040 wt percent in both
the ladle and check analyses
(Taken -from MIL-S-16216H)
TABLE 2 BASE PLATE AND ELECTRODE CHEMISTRY
Si Mn Cp Ni Mo V A1 Ti




.16 .22 0.26 .012 .011 1.35 2.17 .23 .004 .011 .002
(Analysis by emission spectroscopy)
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The heat treatment of the rolled plate begins with
water quenching -from 840-900 C < 1550-1650 F) . Tempering
is performed between 620 and 680 C < 1150-1250 F)
-followed by a second quenching in water. Investigators
from the UJelding Institute C3] have -Found problems with
banding in HY-80 which is attributed to segregation o-f
the elements manganese, molybdenum, chromium and nickel
during ingot sol i di -f i cat i on . Banding will make control
of the amount of martensite difficult and will cause
variation in the physical properties.
The composition of the base plate will influence
the weld metal composition due to dilution of the
electrode and the parent plate in the weld pool. This
produces a ccxnplex situation from which it is difficult
to predict the resulting joint properties based on the
welding parameters and starting chemistry alone. It is
for this reason that most optimization finds its basis
in trial and error testing.
1.2.2 Flux
Ulelding fluxes are complex mixtures of minerals
formulated to impart various properties to the weld
metal and the fused slag. Jackson C4] has provided a
concise review of welding fluxes in general. Various
forms of sutMnerged arc fluxes are available and offer
distinct advantages. The basic forms are i) fused ii)
agglomerated and iii) bonded fluxes. The fused fluxes
are made by melting the minerals and fracturing the
15

•fused solid to the required particle size.
This type o-f -flux is Kfery uniform chemically. In
addition it is generally nonhygroscop i c and is suitable
for high Melding speeds.
Bonded and agglomerated fluxes are similar in that
the required minerals are held together with a binding
agent, usually sodium or potassium silicates. The
advantage of this type of flux is in energy costs of
manufacture, although historically they were developed
to avoid infringing the patents of fused fluxes.
Metallic deoxidizers and ferroalloy additions can be
made because of the relatively low temperatures used in
drying and setting the binder. This type of flux tends
to produce more gas during welding and is likely to be
nonhomogeneous. The oxides of sodium and potassium also
serve to improve arc stability because of their
relatively low work functions.
Flux ccxnposition is adjusted to provide a stable
environment for the welding arc and to maintain or alter
the chemical cc»nposition of the weld metal. Additions
of MnO, for example, can increase the Mn content of the
deposit and are kncMi^n to help the formation of acicular
ferrite, the mi crostructure most favorable to high
toughness C5,63. The viscosity of the slag is reduced
by addition of CaF . Th i s i s important since it will
2
determine hc»j well the molten slag covers the weld pool.
The percentage of small particles is usually




In addition to the -flux, the electrode provides
another important way to control the weld metal
chemistry. Electrodes used in welding HY-80 contain
relatively high amounts o-f Mn , and Ni (1.3X and 2.0'A
respectively) because investigations have shcAun these
elements to control the growth o-f -ferrite at the
austenite grain boundr i es 16,71.
The diameter o-f the electrode is important because
it will determine the maximum current for a given
voltage. Larger diameter electrodes will allow more
rapid deposition.
1.2.4 Ulelding conditions
In submerged arc welding as well as any process
that uses the arc as a heat source, the current and
voltage will be influential in determining the energy
transferred to the Joint. The travel speed and the
power in the arc determine the heat input which will
pass to the Joint. The initial plate temperature (pre-
heat) and the thermal conductivity of the materials
involved (including the flux) are the additional
variables that control the temperature cycle
experienced. The temperatures and cooling rate as well
as the metal chemistry will determine the
mi crostructures. The welded Joint cannot be considered
to be hc»nogeneous in any of the variables mentioned.
Compositional and thermal gradients are significant
17

[5,8,93. The number of passes is also an important
-factor in the heating and cooling cycle as uiel 1 as the
chemistry o-f the weld metal. More passes in a given
Joint will mean that a greater proportion o-f the weld
metal will be a-f-fected by heating and cooling. The
mi crostructure o-f the weld will be changed a-fter each
pass. The grain size in the heat a-f-fected zone, which
must include the previously deposited beads, will
increase. Depending on the temperature and location in
the metal, segregation o-f certain elements will occur.
The inclusion size and distribution will also be
al tered.
Changes in electrode stickout will cause variations
in the temperature along the electrode as it moves into
the arc zone and melts. The longer the electrode
protruding from the welding head, the greater the
electrode preheat due to resistance heating C103.
Welding current can be controlled by adjusting the
electrode feed rate. The amount of electrode melted in
a given time is proportional to the feed rate. An
increase in feed rate will result in an increase in the
proportion of the voltage drop along the electrode. For
this reason the length of the arc should decrease if the
feed rate is increased. If the arc length is reduced,
then the time metal drops spend in the plasma will also
be reduced. If Mn , for example, is lost while the drops
are in the plasma, a shorter arc will allow less Mn to
18

trans-fer into the slag. Longer arc lengths will
provide more time for such a reaction to occur.
One important reason -for employing submerged arc
welding is the rapid deposition rate. A -further increase
in deposition rate can be obtained i -f more than one
electrode is used CI 1,123. There are many ways to
employ multiple electrodes but the control problem is
clearly more complicated. The magnetic -forces around the
arc will cause an interaction that may be di-f-ficult to
control. Uiith two or more electrodes, the amount o-f
heat that can be transferred is also potentially greater
and the heat affected zone may be larger.
The type of Joint employed will also affect the end
result. The amount of filler material needed and
therefore the number of passes will wary with joint
design. As the joint cools after each pass, the
shrinkage of the metal will induce stresses that will
either distort the assembly or result in yielding C133.
The method one uses to locate and hold the assembly
during welding must also play a role in the residual
stress remaining upon completion. The resulting joint
integrity can be greatly influenced by the location and
the magnitude of the residual stresses especially when
defects are present. HY-80 has been observed to crack
many hours after welding due to embr
i
ttl emen t caused by
hydrogen C14]. Residual stresses will always be present





The quality o-f welded structures has seen
remarkable improvement in the last 10 to 15 years. Much
o-f the progress has been due to the recognition o-f the
relative importance o-f the welding parameters. The term
"welding parameters" is rather broad as it can refer to
almost anything one cares to control. The list o-f
variables given earlier represents a sample o-f some o-f
the parameters that have been varied in previous welding
i nvest i gat i ons.
2.1 METAL TRANSFER IN ARC WELDING
The -form o-f metal trans-fer in a welding arc with
inert gas shielding has been studied by Lesnewich,
Gilette and Breymeir and others CIO, 153. Three distinct
•forms of metal transfer have been observed. These are:
globular, spray and short-circuit transfer. The most
important factor in determining the type of transfer is
the current. For 1 «*» current levels transfer is
globular, changing to a progressively finer stream of
drops as current increases. The transfer form will
eventually change to a spray at \fery high currents. The
polarity of the electrode determines the current level
at which the transfer form will change. While the
investigations cited were conducted with steel
electrodes with argon shielding, one would expect the
same transfer modes to exist in the plasma of a
submerged arc, although the current densities employed
20

in submerged arc welding usually result in spray
transfer. Short circuit transfer normally occurs only
when the arc is started. Lesnewich CIO] developed an
equation that expresses the transition current < the
current at which the form of transfer changes to a
spray)
.
Is = 60 + 3400 D - 30 L
Where D is the electrode diameter in inches
and L is the stickout length or extension in inches.
Another equation given by Lesnewich relates the minimum
current required for a rotating spray which occurs at a
higher current.
4 2
Ir = 25 + 1350 D + 14.5x10 D /L
For an electrode of 3/32 inches and a stickout of
3/4 inches
Is = 356 amps
Ir = 2737 amps
It is not clear that the above equations apply to
submerged arc welding because it is difficult to observe
the metal transfer underneath the flux. Some
investigators have used X-Ray techniques to observe the
process C16,17]. Uilson and Jackson C16] have observed
that the shortest distance between the electrode and the
weld metal grows linearly with voltage but will vary
with the flux used. The arc length was also observed to
decrease with increasing travel speed C19]. Most of




The remaining melting is caused by resistance heating of
the electrode as it emerges -from the contact tip.
Ulilson, et a1 . CIS] studied the e-f-Fects o-f Melding
parameters on electrode melting rate in the submerged
arc process. Using their data one can express the
melting rate M <lbs/min) o-f the electrode due to all
•forms o-f heating in terms o-f the current I (amps),
the electrode diameter D (inches) and the electrode
extension L (inches);
2 -7 2 1 .22
M = I/IOOO [0.35 + D * 2.08x10 (IxL/D ) 3
•for I = 500 amps
D = 3/32 inches
L = .75 inches
M = .226 Ibs/min = 13.5 Ibs/hr =117 in/min
Another -formula was developed by Lesnewich [103 -for
the 6MA process using reverse polarity with argon
shielding and V/. oxygen.
-8 2 1.26
M= (0.017 -^ 0.37 A) I-^ 3.69x10 L I /A
where A = cross sectional area o-f the electrode
and -for the same values used above
M = 13.43 Ibs/hr or 117 in/min of 3/32 inch electrode
Both o-f the equations give identical and
reasonable electrode -feed rates based on the experience
of this investigator. This suggests that the arc
character in a submerged arc is similar to that in an
inert gas. Looking at the melting rate due to

resistance heating divided by that due to arc heating we
find in the -first equation a ratio o-f .26/1 and in the
second .37/1. As mentioned above most o-f the melting is
apparently due to the arc but resistance heating is
si gn i -f i cant . O-f the total energy available about 15X is
required to melt the electrode C103.
2.2 THE INFLUENCE OF THE WELDING
PARAMETERS ON THE FLUX AND THE HA2
Jackson and Shrubsal 1 [19] have -found that the
-fusion rate o-f the -flux is proportional to the current
and the voltage. This is not surprising since these two
parameters determine the energy released by the welding
power supply.
Signes and Baker C12] studied the e-f-fects o-f
various welding conditions on the HAZ toughness. They
compared toughness in welds made by single electrode
submerged arc with; <i)multi electrode submerged
arc , ( i i ) i ncreased electrode extensions, (iii)cored
electrodes and <iv>gas metal arc followed by submerged
arc. The multi head or multi electrode technique caused
more rapid cooling than the single electrode with the
same total heat input. The increased stickout length
was found to reduce penetration slightly but improved
HAZ toughness significantly. The 6MA/SMA cc»nbi nation
reduced the time the I^Z spent above 1100 C <2000 F)
consequently lessening hWZ coarsening. The other




2.3 THE CHEMISTRY AND STRUCTURE
OF THE UELD METAL
Compositional control has been -found to produce
dramatic improvements in weld toughness [5,61. Silicon
additions reduce the oxygen content and are o-f value
when the upper shel-f energy is impaired by inclusions.
Evans 122,71 and others have -Found manganese,
molybdenum and nickel content to be Kfery important to
weld metal toughness. There appears to be an optimum
content depending on the welding conditions. The
elements Mn , Mo and Ni promote the -formation of acicular
-ferrite but will also cause the -formation o-f martens! te
if used in excess. A balance must be struck between a
high level of the acicular ferrite and a safe level of
strength increase. Dolby, Bonnet, and Kirkwood
[7,23,24] have all found that oxygen must be present in
the weld metal if acicular ferrite is to form. A very
low level can result in martensi te formation, which is
beneficial for strength, but will also mean lower
toughness. Bonnet [233 reports that oxygen levels of 40
ppm never produce acicular ferrite. Lcwj levels of
oxygen are conmon in the case of electron beam welds.
By using an electron beam on the weld metal produced in
the submerged arc process, however, acicular ferrite was
still found. On the other hand, according to Bonnet, no
acicular ferrite was found in the heat affected zone of
the base plate. The conclusion drawn is that oxide
24

inclusions are required to nucleate acicular ferrite.
The alloying elements serve to -form the oxides and in
some way retard or inhibit the -formation o-f other
mi crostrutural constituents such as proeutectoid or
grain boundry -ferrite [7,273. It is still not true that
just any oxide will cause this nucleation. The size
and -form o-f the inclusion must play a role C30].
The welding voltage can have important in-fluence on
the chemical cc»nposition o-f the resulting weld pool.
Kirkwood C243 clearly shows that an increase in voltage
in an open arc results in an increase in the oxygen and
the nitrogen content. Ulhen welding with a submerged
arc, however, he -found a slight decrease in oxygen, and
almost no change in nitrogen. It is clear that the
increase in arc length caused by higher voltage allcHAis
more exposure o-f the -filler material to the atmosphere.
Why the submerged arc acts di-fferently is perhaps
explained by Chai C2S] . He has proposed the existence
o-f a 'neutral point" -for a given -flux, base plate,
electrode chemistry combination. The essence o-f his
thesis is that given su-fficient time, the equilibrium
composition will -form. The presence o-f a slag can
alter the direction o-f chemical gradients, resulting in
one case with the loss o-f an element to the slag and in
another a net gain o-f the element to the weld. The
dynamics o-f the reaction are dependent on the gradients
o-f chemistry, ie. the magnitude o-f the driving -forces,
the temperature and the time when the reactions can
25

occur. The welding parameters are there-fore important
in determining the extent to which the weld metal
achieves equilibrium with the slag and the electrode.
Covering the arc with a molten slag will also aid in the
reduction o-f atmospheric gas that is in contact with the
arc plasma. I-f oxygen is to enter the arc region it
must come, -for the most part, -from the molten slag.
Control o-f oxygen in the weld metal has o-f ten been
accomplished by proper -flux -formulation as well as
additions o-f rare earth elements. Koukabi and North
have investigated the cerium/oxygen relationship in
submerged arc welding C263. The cerium deoxidized the
weld metal to as 1 cm as 100 ppm so that the oxygen
content was nearly the same as the -filler electrode.
Cochrane and Kirkwood C27], using dilatometer
studies, determined a signi-ficant increase in the
trans-formation temperature when acidic manganese-
silicate -fluxes were used. Basic -fluxes are considered
to generally produce more acicular ferrite than their
acidic counterparts. Their study suggests that the type
and size o-f the inclusions are di-f-ferent with the two
fluxes. Bailey and Pargeter C28] conclude that the flux
type influences C, Si, 0, and S but not N and P. For
the basic fluxes tested, they found \>ery little





Ulelds were made at a voltage, current and travel
speed determined by a Box-Behnken design as portrayed in
figure 1. The Box-Behnken design is simply a system -for
choosing the values o-f the variables so that as few
experimental points as possible need be used and yet
still provide data -from which predictions can be made.
The points are selected to enclose the space in which
predictions are desired, and for the variables chosen in
this study the space consists of the dimensions i)
voltage, ii)current and iii) travel speed <refer to
table 3).
3.2 WELDING PROCEDURE
Submerged arc welds were made on 25 mm thick HY-80
plate as shown in figure 2. A 45 degree 'V Joint was
used with a root gap of approximately 10 nvn. A 50 mm x
12 mm backing bar was placed under the Joint and the
plates were held by six gooseneck dogs to a welding
table.
The surfaces of the backing bar and plate were
ground smooth to remove paint, scale and rust. The










r^ CENTER POINT (3 REPLICATIONS)






VOLTAGE CURREhrr TRAVEL SPEED
+ 1.0 + 1 .0 0.0
+ 1 .0 -1 .0 0.0
-1 .0 + 1 .0 0.0
-1.0 -1 .0 0.0
+ 1 .0 0.0 + 1 .0
+ 1 .0 0.0 -1 .0
-1 .0 0.0 + 1 .0
-1 .0 0.0 -1 .0
0.0 + 1 .0 + 1 .0
0.0 + 1 .0 -1 .0
0.0 -1.0 + 1 .0




THE CENTER POINT < 0,0,0) IS REPEATED THREE
TIMES AND REPRESENTS IN THIS EXPERIMENT 33




JOINT GEOMETRY AtJD DIMENSIONS









The flux was heated in an electric oven for at least 24
hours at 200 degrees C to remove moisture. Unfused flux
was recovered after each pass by sifting thru a number
12 ASTM screen mesh <1.70 nvn opening).
Ulelding was accomplished using a Linde ^v'l-SOO DJ/DC
power supply with a UCC-8 controller, and Linde EH-IO
wire feeder head. A Union Carbide "J" governor
controlled the welding travel speed.
Temperature measurements of the plate were made
using a lacquer (TEMPILAQ). 'Jol tage was checked with a
calibrated digital voltmeter and welding current was
monitored with a shunt resistor. Welding travel speed
was controlled by a DC motor previously calibrated by
actual timed-distance measurements. Uelding current was
controlled indirectly by adjusting the electrode feed
rate. The electrode extension was maintained at 19 mm
<.75 inches). ^v'oltage, travel speed, extension and
electrode feed rate were within 3 X of the desired
values, but current was observed to fluctuate by 10 'A,
The polarity was D.C. reverse <electrode positive).
31

3.3 TESTING AND EXAMINATION
Pads were saw cut and ground by General Dynamics
Electric Boat Division. The pads were etched to reveal
the weld and the notch was located near the center o-f a
weld pass within 3 mm o-f the plate upper surface.
Three Charpy samples -for each o-f the thirty welds made
were broken at -50 degrees C <-60 F)
.
The broken Charpy specimens were used to obtain
weld metal composition by emission spectroscopy and
vacuum -fusion -for oxygen content. One broken sample -from
each weld was mounted and polished -for optical and
scanning electron microscope studies. An energy
dispersive X-ray spectrometer <EDAX) was used to
qualitatively determine the composition o-f inclusions
-found on the polished sur-face o-f the Charpy specimens
and a sample o-f the base plate. Polished samples were
examined under the optical microscope both be-fore and
a-fter etching with lY, Ni tal .
Samples o-f the -fused and un-fused -fluxes were also




4. EXPERIMBTTAL RESULTS AND DISCUSSION
4.1 REGRESSION PREDICTING TOUGI-B^JESS
The design o-f the experiment has provided an
excellent basis -for determining toughness o-f uields made
In the ranges of voltage, current and travel speed
tested. In addition to pointing to the optimum
conditions, a measure o-f the error can also be made.
The "error" is the di-f-ference one expects to -find in the
Charpy energy predicted based on the curve fitted to the
test data. Because the regression was performed using
least squares, e^fery experimental point (each Charpy bar
tested) carries equal weight. The variability in
Charpy energies is noticeably large in the ductile
brittle transition range. The exact temperature of the
transition is not known for these tests because only a
single temperature was used, although the temperature
was chosen such that the fracture occured near the
transition. It is clear that any curve fitted to data
based on Charpy bars broken at a single temperature will
most likely contain large variations that reflect the
bi -modal nature of the test in the transition range
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4.2 FRACTURE TOUGHNESS TESTS
The Charpy test is useful as a comparison between
welds made with a particular type o-f steel, it is not,
hcM^ever , a convincing way to compare welds made on
di-f-ferent steels. Other tests, such as the COD <Cracl<
Opening Displacement) J-curwe and R-curve measurements
have been developed to better compare di-f-ferent
materials, and also aid in design C20,21]. One cannot
assume that a given Charpy energy will be suf-ficient in
a design, but it is clear that a higher. value is more
desirable i -f other -factors are equal.
4.3 ANALYSIS OF REGRESSION ACCURACY
It is perhaps important to note that the experimen-
tal work has been directed towards correlating the
variables o-f voltage, current and travel speed to -frac-
ture toughness. Any fracture toughness test will
suffice as long as the differences that the test
measures due to the controlled experimental parameters
are great enough to be seen over pure error. The pure
error is the scatter in the test itself which in the
case of Charpy measurements can be significant. A mea-
surement of the pure error can only be made by repeating
the experiment. This has been done in two ways.
Firstly, each weld made was tested three times (three
Charpy bars). Secondly, three of the fifteen welds made
with each flux were welded under the same conditions at
times randomly selected during the welding program.
Cf-J

The data show some very large variations in the
measured Charpy energies, 68 Joules <50 -ft lbs) in one
case for example. Generally the variation is much less
(about 16-20 J <12-16 -ft lbs) on average) Cre-fer to
tables 4, 53. It is impossible to per-form a regression
that will account -for pure error but the pure error, i -f
known, will provide limits o-f the regression accuracy.
The pure error has been measured and shows that the
regression model used predicts 56% o-f the variability
<-for the worst case using Lincoln 880) Cre-fer to tables
6,6A]. The pure error was 35% leaving only 9"/.
unexplained. Simply stated, i -f there were no error or
variation in the Charpy measurement, the Charpy value
could be almost exactly predicted by voltage, current
and travel speed 91 times out o-f 100 specimens. Since
the Charpy energy does vary -for the same welding
conditions, the model can only be use-ful -for predictions
in a statistical sense. This conclusion is not new and
only requires a better test i -f one wishes to improve the
quality o-f the prediction. Even though the regression
will be o-f statistical value only, this re-flects the
nature o-f any process that contains unexplained
variations or depends on a great many -factors that
cannot be easily measured. The independent variable
that was held "constant" may in -fact be changing.
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TABLE 4 UELD DATA FOR LINCOLN 880
TEST UOLTS AMPS TRSP HEAT OJ* DILUTIONCCr)
i n/m i n KJ/ in -f 1 1 b 'A Base plate
2 33 500 15 66.0 45 20
84
34
3 30 500 12 75.0 50 31
50
46
4 30 500 18 50.0 83 17
93
80
5 33 400 12 66.0 37 21
47
32
6 33 400 18 44.0 62 14
63
43
7 33 600 12 99.0 76 31
.76
71
8 33 600 18 66.0 78 23
96
77
9 36 500 12 90.0 43 28
46
43
10 36 500 18 60.0 42 28
58
39
11 33 500 15 66.0 76 21
91
66
12 36 600 15 86.4 79 39
83
61
13 30 400 15 48.0 48 15
50
38
14 30 600 15 72.0 62 39
77
54
15 33 500 15 66.0 80 25
99
65
16 36 400 15 57.6 54 27
55
36
*First value listed was -from the Charpy specimen which
was chemically analysed. The remaining two are OJ
energies o-f additional specimens -from the same weld.
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TABLE 5 WELD DATA FOR OP 121 TT
TEST VOLT AMPS TVSP HEAT CV* V. DILUTIONCCr)
i n/m i n KJ/ i n f 1 1 b Base pi ate
17 33 500 15 66.0 71 23
75
68
18 30 500 12 75.0 52 28
59
49
19 33 400 12 66.0 48 19
48
46
20 33 400 18 44.0 64 32
81
64
21 33 600 12 99.0 46 25
51
44
22 33 600 18 66.0 72 27
64
79
23 36 500 12 90.0 60 30
69
50
24 36 500 18 60.0 71 17
73
67
25 33 500 15 66.0 86 29
88
26 36 600 15 86.4 61 35
65
60
27 30 400 15 48.0 52 18
58
41
28 30 600 15 72.0 75 42
85
74
29 36 400 15 57.6 51 18
57
41
30 33 500 15 66.0 57 36
64
53
31 30 500 18 50.0 89 22
93
85
*First value listed was from the Charpy specimen which
was chemically analysed. The remaining two are Charpy




EQUATIONS PREDICTING CHARPY VALUE BASED ON REGRESSION ANALYSIS
USING THE SCALED VALUES OF VOLTAGE < V) , CURRENT(I) AND TRAVEL
SPEED<T)
CV <-ft lbs) = XO + XKV) + X2<I) + X3<T) + X4<'v'xl) + X5<VxT)
2 2 2
+ X6<IxT) + X7('v' ) + X8(I ) + X9(T )
WHERE 30 TO 36 VOLTS IS SCALED TO -1 TO 1
400 TO 500 AMPERES IS SCALED TO -1 TO 1
12 TO 18 IN/^IN IS SCALED TO -1 TO 1
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R-SQUARED 56. 3X 68.8*/
^^RIABLE V. OF R-SQUARED 'A OF R-SQUARED
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The percentages in each column re-flect the importance o-f
the terms used in the regression to predict the
toughness assuming all the terms are independant.
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This was the case with current during all o-f the welding
reported here. The electrode -feed rate was the ^>ariable
actually held constant while the current was seen to
-fluctuate widely. This variation was on the order o-f
lOX, or -^/- 50 amperes. Ulhen it is realized that
current variations chosen -for the experiment are o-f the
same order, it is not surprising that the regression
analysis will not give excellent results. It is a -false
pretense to assume that current was fixed -for any given
weld, but the -fluctuations do not produce a bias error
and the average value is still meaning-ful for use as a
regression variable. Fortunately the variables of vol-
tage and travel speed could be better controlled during
the experiment <within Sy.y . One of the principal
reasons for conducting any experiment is to determine
the importance of variations in the parameters . It is
clear that current is found to be important in spite of
the variations that were noted during welding. It is
in part due to the manner in which the parameters were
chosen that the unwanted variations in current do not
seriously impair the validity of the regression. In
addition the current fluctuations were rapid compared to




The regression shows significant «^ariations in
Charpy energy with each variable. Generally the best
toughness is obtained when both current and travel speed
are high, ie. 600 amperes, 18 inches per minute
<7.6mm/sec) Lre-fer to -figures 4 and 53. The optimum
conditions are not, hoMever, exactly the same -for both
-fluxes. Heat input is not seen to be significant in the
range of 2-4 KJ/mm (50 to 100 KJ/IN) . The importance of
heat input has often been mentioned in the literature,
but heat input alone has not proven in this study to be
the key to a good or a bad weld. It is true that high
heat input will increase the problems associated with
the heat affected zone, and the width of the HAZ does
show positive correlation with heat input Crefer to
figure 61. The properties of the HAZ were not measured
in this investigation but must be considered when
Judging the benefits of a parameter optimization based
solely on the weld metal toughness.
Another concern when applying experimental results
to a production process such as welding is that
laboratory experiments are Usually much better
controlled than production work. UJelding conditions
during the fabrication of a structure cannot be as
easily controlled, nor can the full range of variables
be easily monitored. One goal is to make the process as
insensitive as possible to the variations that are
difficult or expensive to control, and another to
42
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identify those parameters that are most significant in
the production o-f a good weld and uihich must be
control 1 ed.
The prediction of thoughness based on an empirical
study limits the usefulness of this work. Specifically,
the validity of any prediction outside the experimental
space is open to question. The toughness has been
correlated to the welding parameters and does appear to
be valid, but the equations that fit this data will
probably not do as well with a wider range of welding
variables. The fit of the regression model was seen to
deteriorate markedly when the data provided by Electric
Boat Division was combined with the data from the welds
made at M.I.T. This serves to point out the difficulty
in assessing the importance of variables. Slight
differences in base plate chemistry may be of
significance. The study presented here cannot determine
this effect, or for that matter any effect caused by the
variables assumed to be fixed during the testing
program.
4.4 THE EFFECT OF ARC LENGTH
The experimental program described here has
attempted to determine the effects of voltage, current
and travel speed. The vol tage produced by the power
supply at the welding head is equal to the total voltage
drop across the arc, and electrode. As noted earlier,
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the voltage can alter the quantity o-f oxygen entering
the weld metal. This e-ffect is most likely due to the
actual length o-f the arc. A longer arc will mean an
extended time o-f -flight for the metal drops pinched o-ff
from the electrode. I-f any reaction occurs in this time
period, it will have more time to reach equilibrium.
One reaction that is taking place is the transfer of Mn
.
Recalling Chai C25], it is clear that the Mn in the weld
pool and metal droplets in the spray will tend to pass
into the slag when no Mn exists in the flux. This must
be so because of the chemical gradient. Experimental
evidence shows that the Lincoln 880 flux has little or
no Mn whereas the 0P121TT contains 2 'A MnO. There is a
clear difference in the average Mn content of the weld
metal made with the two fluxes [refer to tables 7,83.
The welds made with Lincoln 880 contain on average 0.2 V,
less Mn than the welds made using 0P121TT. The electrode
contains 1.31 'A Mn and If none were lost to the slag it
should mix with the base plate and produce a weld with a
concentration of Mn given by
VWnCweld) = X<XMn in base plate) »• <l-X)</<Mn in electrode)
where X = dilution caused by the base plate
assuming no previous dilution
In order to determine the dilution, the content of Cr in
the weld has been compared with that of the base plate
and electrode. This is shown in tables C9,10] and
produces a reasonable 1 c»jer limit for dilution. This is
only a 1 (»«jer limit because Cr will also be lost to the
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TABLE 7 UELD COMPOSITION DATA WITH LINCOLN 880
TEST VOLT AMPS TVSP C Si Mn P S Cr Ni Mo Cu A1
.047 .47 .89 .013 .005 .32 2.05 .41 .063 .018 .031
.054 .45 .80 .012 .006 .47 2.04 .39 .065 .019 .038
.068 .45 .92 .010 .005 .29 2.02 .41 .055 .012 .036
.077 .44 .86 .010 .005 .33 2.00 .41 .061 .009 .028
.068 .46 .90 .010 .004 .25 1.97 .42 .056 .015 .035
.087 .40 .84 .008 .005 .47 1.99 .38 .065 .010 .029
.052 .47 .99 .012 .005 .36 2.06 .41 .064 .020 .036
.087 .40 .82 .009 .005 .42 2.01 .40 .068 .008 .029
.056 .46 .84 .011 .006 .43 2.08 .40 .066 .018 .030
.045 .47 .92 .013 .006 .33 2.06 .41 .063 .018 .041
12 36 600 15 .086 .40 .78 .010 .006 .57 2.05 .36 .090 .009 .006
13 30 400 15 .046 .48 .91 .015 .005 .26 2.06 .42 .062 .021 .039
14 30 600 15 .070 .44 .88 .011 .006 .57 2.08 .36 .063 .020 .044
15 33 500 15 .071 .46 .85 .012 .005 .39 2.05 .40 .082 .010 .039
16 36 400 15 .055 .44 .80 .014 .005 .41 2.09 .40 .068 .016 .039
2 33 500 15
3 30 500 12
4 30 500 18
5 33 400 12
6 33 400 18
7 33 600 12
8 33 600 18
9 36 500 12
10 36 500 18
11 33 500 15
MEAN VALUES .065 .44 .87 .011 .005 .39 2.04 .40 .066 .015 .035
STANDARD DEV .015 .03 .06 .002 .001 .10 0.04 .02 .009 .005 .005
* TRAVEL SPEED IN INCHES/^IN.
CHEMICAL COMPOSITIONS IN WEIGHT PERCENT
^

TABLE 8 WELD CCtfiPOSITION DATA UITH 0P121TT
TEST 'v'OLT AMPS TVSP C Si Mn P S Cr Ni Mo Cu A1
17 33 500 15 .053 .44 1.10 .015 .006 .36 2.04 .40 .068 .018 .034
18 30 500 12 .058 .44 1.03 .015 .006 .43 2.04 .39 .070 .017 .036
19 33 400 12 .044 .44 1.10 .017 .005 .31 1.97 .40 .065 .015 .041
20 33 400 18 .110 .31 0.90 .017 .005 .48 2.03 .37 .086 .008 .041
21 33 600 12 .110 .33 0.99 .017 .005 .39 2.02 .39 .084 .012 .040
22 36 600 18 .051 .43 1.02 .014 .005 .41 1.99 .39 .072 .021 .037
23 36 500 12 .051 .41 0.99 .016 .005 .45 2.00 .38 .074 .016 .031
24 36 500 18 .053 .35 1.11 .017 .010 .29 1.99 .40 .074 .010 .040
25 33 500 15 .047 .41 0.98 .015 .005 .44 1.98 .38 .075 .017 .035
26 36 600 15 .081 .38 0.91 .016 .005 .52 2.04 .36 .073 .009 .033
27 30 400 15 .049 .46 1.10 .015 .010 .30 1.99 .40 .059 .019 .050
28 30 600 15 .087 .38 0.84 .015 .006 .61 2.02 .35 .090 .009 .044
29 36 400 15 .045 .42 1.13 .016 .004 .30 1.99 .40 .083 .008 .041
30 33 500 15 .077 .39 0.93 .018 .005 .53 2.02 .36 .100 .010 .033
31 30 500 18 .045 .42 1.10 .017 .004 .35 1.99 .39 .086 .010 .050
MEPM VALUES .064 .40 1.02 .016 .006 .41 2.01 .38 .077 .013 .039
STANDARD DBJ
.
.023 .04 0.09 .001 .002 .10 0.02 .02 .011 .005 .006
TRAVEL SPEED IN INCHES/^IN
CHEMICAL ANALYSIS IN WEIGHT PERCENT
^9

TABLE 9 WELD DATA FOR LINCOLN 880








2 33 500 15 45 13 130 i n/m i n .20 .50
3 30 500 12 50 7 120 .31 .55
4 30 500 18 83 13 130 .17 .38
5 33 400 12 37 11 90 .21 .29
6 33 400 18 62 21 85 .14 .18
7 33 600 12 76 7 175 .31 .25
8 33 600 18 78 13 175 .23 .55
9 36 500 12 43 7 120 .28 .34
10 36 500 18 42 11 120 .28 .63
11 33 500 15 76 11 130 .21 .55
12 36 600 15 79 7 160 .39 .50
13 30 400 15 48 14 100 .15 .55
14 30 600 15 62 9 190 .39 .63
15 33 500 15 80 11 130 .25 .50
16 36 400 15 54 16 100 .27 .67
MEAN VALUES 61 .26 .47
STANDARD DEKf 16 .08 .15
DILUTION BASED ON THE MEASURED CHROMIUM
AND NICKEL CONTENTS OF THE WELD METAL
[%M<we]d metal) - /^<e1 ec trode)
3
Dilution = C/OKbase plate) - XM<e1 ectrode) 3
Where M is Cr or Ni content
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TABLE 10 WELD DATA FOR OP 12 ITT








17 33 500 15 71 10 1 30 i n/m i n .23 .46
18 30 500 12 52 7 120 .28 .46
19 33 400 12 48 10 90 .19 .17
20 33 400 18 64 18 85 .32 .42
21 33 600 12 46 7 175 .25 .38
22 36 600 18 72 9 175 .27 .25
23 36 500 12 60 9 120 .30 .29
24 36 500 18 71 15 120 .17 .25
25 33 500 15 86 11 130 .29 .21
26 36 600 15 61 9 160 .35 .46
27 30 400 15 52 15 100 .18 .25
28 30 600 15 75 9 190 .42 .38
29 36 400 15 51 15 100 .18 .25
30 33 500 15 57 11 130 .36 .38
31 30 500 18 89 13 130 .22 .25
MEAN VALUES 64 .27 .32
STANDARD DEV 13 .08 .10
DILUTION BASED ON THE MEASURED CHROMIUM
AND NICKEL CONTENTS OF THE UELD METAL
D i 1 u t i on
[%M(uje1d metan - /<M<e1 ec trode) 3
CXM<base plate) - /ai<el ec trode) ]
Where M i s Cr or Ni content
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slag, but it will not be lost to any extent while pas-
sing thru the arc since the Cr content is *jery much
1 (X«jer in the electrode (.0.066'A compared to 1 .35X) . The
"base plate" is actually already diluted -from earlier
passes also causing the value of dilution to be underes-
timated. The di-f-ference between the actual weld metal
Mn content and that expected -from dilution will be the
Mn lost to the slag. A plot o-f Mn lost to the slag
verses welding current has been made -for the welds
produced under Lincoln 880 [re-fer to figure 71. There
is a clear correlation between the current and the Mn
lost. With higher current less Mn is lost. Increasing
the current will cause the arc length to fall (voltage
drop across the electrode is increased) so that less
time is available for any loss to occur. No correlation
could be seen when examining the same plot for welds
made with 0P121TT. The explanation for this disparity
appears to be the MnO in the 0P121TT formulation. The
amount of Mn lost to the slag was in fact Kfery low in
the case of 0P121TT Hess than O.IX). The neutral point
for the Mn reaction should be in the range of 1X-2X
according to Chai C25]. When welding with 0P121TT all
of the reaction cranponents <weld metal, flux and elec-
trode) fall within these limits. The fact that so
little Mn is lost to the slag with this flux is ex-
plained by the low concentration gradient of Mn and the
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4.5 ANALYSIS OF THE FLUXES
While the general chemical makeup of the two fluxes
is known, it is surprising to observe the rather large
variations found in the literature [refer to table 113.
It is extremely difficult to fully identify the form of
the minerals that have been combined to produce a flux.
In addition, batch to batch variations can occur and
there is reason to believe that LINCOLN may have
experienced this problem recently. The unexplained
variations between two groups of welds made with Lincoln
880 [refer to table 12] seems to support this. In sharp
contrast are the welds made with 0P121TT which give
identical results on average.
Electron microscope examination of the flux grains
shows only minor differences. The 0P121TT grains have
larger particles bonded together in comparison to the
880 [refer to figures 8,93. Another difference was the
presence of Na in the 880 which was not found in the
0P121TT. In the same way, K was only detected in the
0P121TT. These observations do suggest that the
binders may be different, but they cannot be considered
conclusive because the chemical analysis technique
<EDAX) is unable to probe ^^ery deeply into the grain and
can only measure near surface composition. The grains
can be w&ry nonhcxnogeneous as was apparent when Mg was
initially not detected on the 0P121TT grains. Since
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TABLE 11 REPORTED FLUX COMPOSITIONS
COMPOUND LINCOLN 880 0P121TT
UfT PERCENT UJT PERCENT
ANALYSIS (A) (B) <C) <D) (E) <F)
REFERENCE C31] C33] [32] [30] [34] [35]
SiO 16.0 13.9 15.6 13.5 13.4 15.0
2
MnO NONE NONE 1.9 1.8 0.9 ? »
CaO 3.0 2.1 7.0 8.0 11.0 ? »
M9O 27.0 26.3 25.7 43.6 40.0 ? »
A1 22.0 22.7 19.2 18.1 14.2 ? »
2 3
TiO 2.0 NONE 1.1 1.0 0.5 ? »
2
CaF 22.0 22.7 26.5 20.99 14.4 25.0
2
2pO 4.0 7.4 NONE 0.2 NONE NONE
2
FeO NONE 1.0 NONE NONE 1.7 NONE
Na NONE 2.0 NONE NONE 0.9 NONE ;
2
K NONE NONE NONE 0.2 0.8 NONE
2
BaO NONE NONE NONE NONE 0.1 NONE
* SiO + Ti = 15.0
2 2
CaO + MgO =35.0
Al + MnO =20.0
2 3
The above analyses are -from the literature and have in
most cases been based on the assumption that all the elements
are in an oxide -form. This assumption there-fore will not
show the presence o-f the binding agent which is probably a
potassium or sodium silicate. The actual -form of the
compounds is most likely much di-f-ferent, -for example it is





COMPARISON OF CHARPY ENERGIES BASED ON VARIOUS SETS OF DATA
DATA BASE NR. OF CHARPY MEAN CV STANDARD DEV
BARS SAMPLED FT LBS<-60F) FT LBS
FLUX TYPE
MIT WELDS 45 61.5 18.73 LINCOLN 880
MIT WELDS 45 63.8 13.94 OP 121 TT
ELECTRIC BOAT 42 34.2 15.56 LINCOLN 880
ELECTRIC BOAT 40 64.0 12.26 OP 121 TT
WELDS MADE AT ELECTRIC BOAT WERE ACCOMPLISHED
UNDER SIMILAR CONDITIONS WITH HEAT INPUTS 2.0 TO
4.3 KJ/MM. ELECTRODE STICKOUT FOR E.B. WAS 25 MM
INSTEAD OF 19 MM
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Figure 8 a Lincoln 880 flux grain
(X 50)




Fisure 9 a Lincoln 880 flux grain
(X 200)




both -fluxes were knoMn to contain about 20X MgO the
0P121TT was -fused with an oxy-acetyl ene -flame and then
fractured. Mg was then observed in highly concentrated
-form in bands that can be clearly seen in the
photographs Cre-fer to -figure lOA] . The 880 -flux was
much more uni-form and Mg was easily detected without
fusing.
The MnO contained in the 0P121TT may be a major
factor in the dif-ferences noted in the fracture
toughness, although no obvious difference in
mi crostructure was observed. The 0.2 % average
difference i n Mn is probably too small to significantly
change the amount of acicular ferrite since it is still
in a near optimum concentration in both sets of welds
C223. The slight increase may, however, be enough to
improve consistency in the deposit Mn content, in
another words, insuring enough Mn in spite of dilution
or other variations due to the welding parameters.
There is a clear reduction in the scatter of Charpy
fracture energy when the 0P121TT flux is used. This is
evidenced by the fit of the regression model and the
standard deviation of the Cv energy when taken on all
the welds made with a particular flux.
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Figure 10 a Mg rich -bands in fused and
fractured OP 121 TT (X 90)
Figure 10 b Lincoln 860 flux grain
showing fractured minerals
and binder (X 5000)

4.6 HEAT INPUT
Heat input has already been noted as having little
correlation with the fracture toughness. An examination
o-f the ISO Charpy energy plots [Appendix 113 will reveal
that both -fluxes per-form their best in the range o-f 2.0-
2.4 KJ/mm < 55-60 KJ/in), Heat input below this range
will generally result In a deterioration in toughness
more rapidly than higher heat input. I-f the peak Cw
energies are 114 J and 119 J at 2.4 KJ/mm -for the two
-fluxes and the extreme limits of heat input are used to
set the values of voltage, current and travel speed, one
may compare the ratios of change in Cv with change in
heat. Though this ccmparison could be misleading it
does show a greater loss per unit heat input when less
heat input is used [refer to table 13].
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TABLE 13 THE EFFECT OF HEAT INPUT VARIATIONS
ON THE TOUGHNESS
VOLTS AMPS TRVSPD HEAT INPUT PREDICTED CV
in/min KJ/mm LINCOLN 880 0P121TT
Joules <-ft lbs)
MINIMUM 30 400 18 1.58 87 <44) 96 <71)
HEAT INPUT
OPTIMUM 31 575 18 2.4 114 (84) 119 <87)
HEAT INPUT
MAXIMUM 36 600 12 4.25 91 <67) 68 <50)
HEAT INPUT
The loss in Cw divided by the di-f-ference in heat
input -for the extremes shown above are
LINCOLN 880 0P121TT
INCREASE IN HEAT 14.6 J/KJ/mm 12.4 J/KJ/mm
DECREASE IN HEAT 28.1 62.2
Clearly the decrease in heat input -from the optimum




4.7 NON-METALLIC INCLUSIONS AND FRACTURE TOUGHNESS
Examination o-f the parent plate and the weld metal
revealed many non-metallic inclusions. In the base
plate the inclusion size varied between 0.2-2.0 microns.
The distribution appeared uni-form and the number o-f
these inclusions was large compared to the relatively
clean weld metal. The predominant material found in
these inclusions was Mo followed by Mn , Al , Si, Ca and
Cr in relative concentrations.
The generally small number of inclusions found in
the weld metal were on the order of 10-15 microns [refer
to figure 113. The chemical analysis performed using
EDAX detected Mn as the most cofrmon constituent. High
relative Si and Al content was also typical with Ca, Ti
,
and Mg occasionally found. In the weld metal made with
880, Zr was also present in many of the inclusions.
Except for the Zr , the weld metal produced with 0P121TT
contained the same type and size of inclusions. No
correlation was observed between inclusion quantity and
the toughness. This is explained by the 1 ch<j temperature
used in the fracture test. The predominant mode of
fracture is clevage in this case. The photographs of
the fracture surface do show a clear increase in clevage
on the main body of the break compared to the ductile
tearing or micro void coalescence found on the shear lip
[refer to figure 12, 133. The fracture surface is not
completely crystal ine. There is an obvious ductile
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Figure 11 a Weld metal inclusions
(X 25) Lincoln S80-Cv 85 J




Flp;ure 12 a Shear lip shov/ing micro void
coalescence (X 500)/ Cv 65 J
Figure 12 "b Brittle fracture surface of




Fip;ure 13 a Micro void coalescence on
shear lip (X 5000 )/q^ 126 J
Figure 13 "b Brittle fracture surface of




behavior as well. The -fracture energy is not substantia-
lly greater, however. The Cv energies -for the two
specimens are 65 J and 126 J, (-figures 12 and 13 respec-
tively). The size o-f the majority o-f the inclusions is
much smaller than the micro voids and the large inclu-
sions are simply too -few in number to influence the
fracture path.
4.8 MICROSTRUCTURE
Microscopic examination of the weld metal did not
reveal significant differences. All of the welds consi-
sted predominantly of a fine grained structure. This
could be Identified as acicular ferrlte with some alig-
ned structure that Abson and Dolby C293 call MAC (Marte-
ns! te And Carbide) [refer to figure 14]. This assesment
remains qualitative due to the small number of samples
actually etched. A few samples were etched and observed
under the electron microscope revealing two distinct
structures [refer to figures 15, 163. Of the samples
examined only two welded with Lincoln 880 produced the
smooth form seen in figure 15. This does necessarily
confirm that the flux was responsible in view of the
small sampling. The appearance Is suggestive of over
etching but intentional over etching of some other spe-
cimens did not produce this structure and only increased
the angularity. If not caused by over etching It is
likely that the explanation Is transformation related.
The toughness is not an issue since the same structure




Figure 14 a Weld metal acicular ferrite
(X 250) i^„ ^tai
Figure 14 b HY-80 base plate micro structure
(X 250) 1% nital
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Figure 15 Microstructure of weld 4
1 io nital (X 5000)
Figure 16 Microstructure of weld 28




The in-fluence of the submerged arc ujelding
parameters; voltage, current and travel speed on weld
metal toughness has been studied. The -following
conclusions can be drawn -from the investigations:
1. Voltage, current and travel speed variations
play a signi-ficant role in the toughness o-f the weld
metal
.
2. Mn lost in the welding arc can be reduced or
eliminated i -f the flux contains MnO.
3. The welding variables control the time
available for chemical reactions to occur and can
greatly influence the attainment of equilibrium in the
slag, weld pool arc plasma system. This control is
explained to a large extent by the dependence of arc
length on voltage. The voltage drop across the arc will




4. The heat input does not uniquely control the
weld metal toughness but heat input below 2 KJ/mm is
more detrimental than is heat input above this level.
5. The weld metal made under 0P121TT which
contains 2 'A MnO has a more consistent toughness and is
less sensitive to current variations than is that -formed
when using Lincoln 880. Lincoln 880 has no MnO in its
•f ormul at i on .
6. Non-metallic inclusions -found in the welds
made with Lincoln 880 and 0P121TT do not si gn i -f i can 1 1 y





CI] Unpublished work, General Dynamics, Electric Boat
D i V i s i on
C23 MIL-S-16216H<SHIPS) 15 March 1972
C3] "The metallurgy and welding of QT35 and HY80
steels". The Ulelding Institute, Cambridge,
England <1974)
[43 Jackson, C.E., "Fluxes and slags in wel di ng" ,UIRC
Bulletin, No. 190 <December 1973)
[53 Lev i ne ,E. ,Hi 1 1 ,D,C. , "E-f-f ec t of mi crostruc ture and
inclusions on toughness of HSLA steel weld
metal", Proceedings of the Metallurgical Society
of AIME,<1980)
[63 Gar 1 and, J.G. ,Ki rkwood,P.R. , "Towards improved
submerged arc weld metal toughness". The Uelding
Institute, Cambridge, England, <1974)
[73 Dolby, R.E., "Improving weld metal toughness".
The Ulelding Institute, Cambridge, England, <1981)
[83 Rosenthal, D., "Mathamat i cal theory of heat
distribution during welding and cutting". The
Uelding Journal 20<5) Supplement 220-s to 234-s
<1941)
[93 Christensen, N., Davis, 'v'.de L. and Gjermundsen,
K. , "Di str i but i on of temperatures in arc
wel ding", The British Uelding Journal 12<2), 54-75
<1965)
[103 Lesnewich, A., "Control of melting rate and metal
transfer in gas shielded metal arc welding Part
I, Control of Electrode Melting Rate", The
Uelding Journal, 37<8), Research Supplement, 343-
s to 353-s <1958)
[113 "Current Uelding Processes", American Uelding
Society, (1964)
[123 Signes, E.G., Baker, J. C. "Process modifications
to improve HAZ toughness in high deposition arc
welds", The Uelding Journal, <Mar 1981)
72

[133 Masubuchi, K. , "Anal yt i cal investigation of
residual stresses and distortions due to
welding", The Welding Journal, 39<12), Research
Supplement, 525-s to 537-s (1960)
Ci43 Dieter, 6.E. , "Mechan i cal Metallurgy", McGraw-Hill
<1961)
C153 Gillette, R.H. ,Brayme i r , R.T.,"Some research
techniques for studing arcs in inert gases" , The
UJelding Journal, 30(3), Research Supplement, 146-
s to 152-s <1952)
C163 Jackson, C.E.,"The science of arc welding", The
UJelding Journal, 39<4,5,6) Research Supplement,
129-s to 140-s,177-s to 190-s,225-s to 230-s
( 1 960
)
[173 Kihara, H. , Ggura,Y., Takagi , 0., Masubuchi, K.
,
and Hamazaki, M.,"The arc Phenomenon in muli pie-
electrode submerged arc welding". Journal of the
Japan Welding Society, 27<11), 647-652 (1955)
C183 Wilson, J.C. ,C1 aussen , G.E. and Jackson,
C.E.,"The effect of (I**2)R heating on electrode
melting rate". The Welding Journal, 34(1),
Research Suppl ement , 1-s to 8-s (1956)
C193 Jackson, C.E., and Shrubsal 1 , A. E., "Energy
distribution in electric welding", The Welding
Journal, 28(5), Research Supplement, 231-S-241-
s(1950)
C203 Kamath, M.S., "The R-curve approach to fracture".
The Welding Institute, Cambridge, England (1981)
C213 Rolfe, S.T.,Barsom, J. M. , "Fracture and fatigue
control in structures", Prentice-Hall (1977)
[223 Evans, G.M., "Effect of manganese on the
mi crostructures and properties of al 1 -wel d-me tal
deposits", The Welding Journal, (March 1980)
[233 Bonnet, C, "Relation structure-resilience dans les
soudures d^aciers doux et faiblement allies brutes
de solidification", Soudage et Techniques
Connexes (1980)
C243 Kirkwood, P.R., "Mi crostruc tural and toughness




C25] Chai , C.S . , " SI ag-me tal reactions during -flux
shielded arc welding", PhD thesis, M.I.T. <Aug
1980)
[26] Koukabi , A. H.,North, T .H. ,Bel 1 ,H.B. , "Fl ux
-formulation, sulphur, oxygen, and rare earth
aditions in submerged-arc welding", The Uelding
Institute, Cambridge England, <1978)
C273 Cochrane, R.C., Kirkwood, P.R.,"The e-f-fect o-f
oxygen on weld metal mi crostruc ture" , The Uelding
Institute, Cambridge, England, (1978)
[283 Bailey, N. , Pargeter, R.J. , "The in-fluence o-f -flux
type on the strength and -fracture toughness o-f
mild steel weld metal", The Uelding Institute,
Cambr i dge , Engl and ( 1 979)
[293 Abson , D.J., Dolby, R.E.,"A scheme -for the
quantitative description o-f -ferritic weld metal
mi crostructures" , I lU Document IXJ-29-80, <1980)
and The Uelding Institute Research Bulletin
21<4), p. 100 (April 1980)
[303 Abson, D.J., Dolby, R.E. , Hart, P.H.M.,"The role
o-f nonmetallic inclusions in -ferrite nucleation
in carbon steel weld metals". The Uelding
Institute, Cambridge, England (November 1978)
[313 Gonser, T.R. , "Moi sture control of submerged-arc
welding -fluxes used -for Joining HY-130 steel",
M.S. thesis. The Ohio State University, (1977)
[323 Union Carbide Analysis <1981)
[333 Spec trochemi cal Lab analysis, Pittsburg, PA
[343 Keville, B.R., Cochrane, R.C., "Strain induced hot
cracking in -ferritic weld metals", Paper 28 -from
Trends in Steel ic Consumables -for Uelding, The
Uelding Institute, Cambridge, England (November
1978)




APPENDIX I CONTAINS ADDITIONAL COPIES OF THE
IMPORTANT TABLES FOR REFERENCE
APPENDIX II CONTAINS A COMPLETE SET OF ISO CHARPY









































Note S + P must be less than .040 wt percent in both
the ladle and check analyses
<Taken -from MIL-S-1621 6H)
TABLE 2
BASE PLATE AND ELECTRODE COMPOSITION
C Si Mn P S Cr Ni Mo Cu V Al Ti
AX-90 .050 .46 1.31 .016 .007 .066 1.93 .41
ELECTRODE
2 .38 mn
HY-80 .16 .22 0.26 .012 .011 1.35 2.17 .23
BASE PLATE
,058 .003 .012 .013
126 .004 .011 .002
76

TABLE 4 WELD DATA FOR LINCOLN 880
TEST VOLTS AMPS TRSP HEAT CV* DIHJTION<Cr)
i n/m i n KJ/ in -f 1 1 b V. Base p 1 ate
2 33 500 15 66.0 45 20
84
34
3 30 500 12 75.0 50 31
50
46
4 30 500 18 50.0 83 17
93
80
5 33 400 12 66.0 37 21
47
32
6 33 400 18 44.0 62 14
63
43
7 33 600 12 99.0 76 31
76
71
8 33 600 18 66.0 78 23
96
77
9 36 500 12 90.0 43 23
46
43
10 36 500 18 60.0 42 28
58
39
11 33 500 15 66.0 76 21
91
66
12 36 600 15 86.4 79 39
83
61
13 30 400 15 48.0 48 15
50
33
14 30 600 15 72.0 62 39
77
54
15 33 500 15 66.0 80 25
99
65
16 36 400 15 57.6 54 27
55
36
*First value listed was from the Charpy specimen which
was chemically analysed. The remaining two are CV
energies o-f additional specimens -from the same weld.
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TABLE 5 UELD DATA FOR OP 121 TT
TEST VOLT AMPS TVSP HEAT CV* V, DILUTION(Cr)
in/min KJ/in -f 1 1 b Base pi ate
17 33 500 15 66.0 71 23
75
68
18 30 500 12 75.0 52 28
59
49
19 33 400 12 66.0 48 19
48
46
20 33 400 18 44.0 64 32
81
64
21 33 600 12 99.0 46 25
51
44
22 33 600 18 66.0 72 27
64
79
23 36 500 12 90.0 60 30
69
50
24 36 500 18 60.0 71 17
73
67
25 33 500 15 66.0 86 29
88
66
26 36 600 15 86.4 61 35
65
60
27 30 400 15 48.0 52 18
58
41
28 30 600 15 72.0 75 42
85
74
29 36 400 15 57.6 51 18
57
41
30 33 500 15 66.0 57 36
64
53
31 30 500 18 50.0 89 22
93
85
*First value listed uias frcwn the Charpy specimen which
was chemically analysed. The remaining two are Charpy




EQUATIONS PREDICTING CHARPY UALUE BASED ON REGRESSION ANALYSIS
USING THE SCALED ^^LUES OF VOLTAGE ( k^ ) , CURRENT< I ) AND TRAVEL
SPEED<T)
CV (-ft lbs) = XO + XKV) + X2<I) + X3<T) + X4<VxI) + X5<VxT)
2 2 2
+ X6<IxT) + X7<U ) + X8<I ) + X9(T )
WHERE 30 TO 34 VOLTS IS SCALED TO -1 TO 1
400 TO 500 AMPERES IS SCALED TO -1 TO 1
12 TO 18 Ih4/MIN IS SCALED TO -1 TO 1
















































R-SQUARED 56.3Ji 68 . 87.









VOLTS SQUARED 1 1 . 67.
AMPS SQUARED 0.97.








1 6 . 67
0.47
The percentages In each column re-flect the importance of
the terms used in the regression to predict the
toughness assuming all the terms are independant.
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TABLE 7 WELD COMPOSITION DATA WITH LINCOLN 880
TEST VOLT AMPS TVSP C Si Mn P S Cp Ni Mo Cu AT
.047 .47 .89 .013 .005 .32 2.05 .41 .063 .018 .031
.054 .45 .80 .012 .006 .47 2.06 .39 .065 .019 .038
.068 .45 .92 .010 .005 .29 2.02 .41 .055 .012 .036
.077 .44 .86 .010 .005 .33 2.00 .41 .061 .009 .028
.068 .46 .90 .010 .004 .25 1.97 .42 .056 .015 .035
.087 .40 .84 .008 .005 .47 1.99 .38 .065 .010 .029
.052 .47 .99 .012 .005 .36 2.06 .41 .064 .020 .036
.087 .40 .82 .009 .005 .42 2.01 .40 .068 .008 .029
.056 .46 .84 .011 .006 .43 2.08 .40 .066 .018 .030
.045 .47 .92 .013 .006 .33 2.06 .41 .063 .018 .041
.086 .40 .78 .010 .006 .57 2.05 .36 .090 .009 .006
.046 .48 .91 .015 .005 .26 2.06 .42 .062 .021 .039
.070 .44 .88 .011 .006 .57 2.08 .36 .063 .020 .044
.071 .46 .85 .012 .005 .39 2.05 .40 .082 .010 .039
.055 .44 .80 .014 .005 .41 2.09 .40 .068 .016 .039
2 33 500 15
3 30 500 12
4 30 500 18
5 33 400 12
6 33 400 18
7 33 600 12
8 33 600 18
9 36 500 12
10 36 500 18
11 33 500 15
12 36 600 15
13 30 400 15
14 30 600 15
15 33 500 15
16 36 400 15
tAEfiH W^LUES .065 .44 .87 .011 .005 .39 2.04 .40 .066 .015 .035
STANDARD DEV .015 .03 .06 .002 .001 .10 0.04 .02 .009 .005 .005
* TRAVEL SPEED IN INCHES/MIN.
CHEMICAL COMPOSITIONS IN WEIGHT PERCENT
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TABLE 8 UELD COMPOSITION DATA WITH 0P121TT
TEST ^;OLT AMPS TVSP C Si Mn P S Cr Ni Mo Cu A1
17 33 500 15 .053 .44 1.10 .015 .006 .36 2.04 .40 .068 .018 .034
18 30 500 12 .058 .44 1.03 .015 .006 .43 2.04 .39 .070 .017 .036
19 33 400 12 .044 .44 1.10 .017 .005 .31 1.97 .40 .065 .015 .041
20 33 400 18 .110 .31 0.90 .017 .005 .48 2.03 .37 .086 .008 .041
21 33 600 12 .110 .33 0.99 .017 .005 .39 2.02 .39 .084 .012 .040
22 36 600 18 .051 .43 1.02 .014 .005 .41 1.99 .39 .072 .021 .037
23 36 500 12 .051 .41 0.99 .016 .005 .45 2.00 .38 .074 .016 .031
24 36 500 18 .053 .35 1.11 .017 .010 .29 1.99 .40 .074 .010 .040
25 33 500 15 .047 .41 0.98 .015 .005 .44 1.98 .38 .075 .017 .035
26 36 600 15 .081 .38 0.91 .016 .005 .52 2.04 .36 .073 .009 .033
27 30 400 15 .049 .46 1.10 .015 .010 .30 1.99 .40 .059 .019 .050
28 30 600 15 .087 .38 0.84 .015 .006 .61 2.02 .35 .090 .009 .044
29 36 400 15 .045 .42 1.13 .016 .004 .30 1.99 .40 .083 .008 .041
30 33 500 15 .077 .39 0.93 .018 .005 .53 2.02 .36 .100 .010 .033
31 30 500 18 .045 .42 1.10 .017 .004 .35 1.99 .39 .086 .010 .050
MEAN VALUES .064 .40 1.02 .016 .006 .41 2.01 .38 .077 .013 .039
STANDARD DBJ
.
.023 .04 0.09 .001 .002 .10 0.02 .02 .011 .005 .006
TRAVEL SPEED IN INCHES/MIN
CHEMICAL ANALYSIS IN WEIGHT PERCENT
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TABLE 9 WELD DATA FOR LINCOLN 880








2 33 500 15 45 13 130 1i n/inli n .20 .50
3 30 500 12 50 7 120 .31 .55
4 30 500 18 83 13 130 .17 .38
5 33 400 12 37 11 90 .21 .29
6 33 400 18 62 21 85 .14 .18
7 33 600 12 76 7 175 .31 .25
8 33 600 18 78 13 175 .23 .55
9 36 500 12 43 7 120 .28 .34
10 36 500 18 42 11 120 .28 .63
11 33 500 15 76 11 130 .21 .55
12 36 600 15 79 7 160 .39 .50
13 30 400 15 48 14 100 .15 .55
14 30 600 15 62 9 190 .39 .63
15 33 500 15 80 11 130 .25 .50
16 36 400 15 54 16 100 .27 ,67
MEAN VALUES 61 .26 .47
STANDARD DEV 16 .08 .15
DILUTION BASED O^ THE MEASURED CHROMIUM
AND NICKEL CONTENTS OF THE WELD METAL
[XM<igelcJ metal ) - XMCel ectrocje) 3
Dilution = CXM<baise plate) - XM<el ectrode) ]
Where M is Cr or Ni content
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TABLE 10 WELD DATA FOR OP 12 ITT








17 33 500 15 71 10 1 30 i n/m i n .23 .46
18 30 500 12 52 7 120 .28 .46
19 33 400 12 48 10 90 .19 .17
20 33 400 18 64 18 85 .32 .42
21 33 600 12 46 7 175 .25 .38
22 36 600 18 72 9 175 .27 .25
23 36 500 12 60 9 120 .30 .29
24 36 500 18 71 15 120 .17 .25
25 33 500 15 86 11 130 .29 .21
26 36 600 15 61 9 160 .35 .46
27 30 400 15 52 15 100 .18 .25
28 30 600 15 75 9 190 .42 .38
29 36 400 15 51 15 100 .18 .25
30 33 500 15 57 11 130 .36 .38
31 30 500 18 89 13 130 .22 .25
MEAN UALUES 64 .27 .32
STANDARD DEV 13 .08 .10
DILUTION BASED ON THE MEASURED CHROMIUM
AND NICKEL CONTENTS OF THE UELD METAL
[XMCweld metal) - XMC el ec trode )
3
Dilution = CXM<base plate) - >M<el ectrode)
]










ANALYSIS <A) <B) <C) <D) <E) (F)
REFERENCE [31] [323 C32] [303 C33] C343
SiO 16.0 13.9 15.6 13.5 13.4 15.0
2
MnO NONE NONE 1.9 1.8 0.9 ? »
CaO 3.0 2.1 7.0 8.0 11.0 ? »
MgO 27.0 26.3 25.7 43.6 40.0 ? »
A1 22.0 22.7 19.2 18.1 14.2 ? »
2 3
TiO 2.0 NONE 1.1 1.0 0.5 ? *
2
CaF 22.0 22.7 26.5 20.99 14.4 25.0
2
ZrO 4.0 7.4 NONE 0.2 NONE NONE
2
FeO NONE 1.0 NONE NOME 1.7 NONE
Na NONE 2.0 NONE NONE 0.9 NONE
2
K NONE NONE NONE 0.2 0.8 NONE
2
BaO NONE NONE NONE NONE 0.1 NONE
* Si + Ti = 15.0
2 2
CaO + MgO =35.0
Al + MnO = 20.0
2 3
The above analyses are -from the literature and have in
most cases been based on the assumption that all the elements
are in an oxide -form. This assumption therefore will not
shoMJ the presence o-f the binding agent which is probably a
potassium or sodium silicate. The actual form of the can-
pounds is most likely much different, for example it is known





COMPARISON OF CHARPY ENERGIES BASED ON ^^ARIOUS SETS OF DATA
DATA BASE NR. OF CHARPY MEAN CV ST(2MDARD DEV
BARS SAMPLED FT LBS<-60F) FT LBS
FLUX TYPE
MIT WELDS 45 61.5 18.73 LINCOLN 880
MIT WELDS 45 63.8 13.94 OP 121 TT
ELECTRIC BOAT 42 34.2 15.56 LINCOLN 880
ELECTRIC BOAT 40 64.0 12.26 OP 121 TT
WELDS MADE AT ELECTRIC BOAT UERE ACCOMPLISHED
UNDER SIMILAR CC^DITICBMS WITH HEAT INPUTS 2.0 TO
4.3 KJ/MM. ELECTRODE STICKOUT FOR E.B. WAS 25 MM




LIST OF MATERIALS USED
1. HY-80 1 INCH PLATE (LUKENS STEEL CO.)
MELT: C2724 SLAB:2BB CAD
2. HY-80 1 INCH x 0.5 INCH BACKING BAR
MELT: C8583-83 [A3
3. AX-90 ELECTRODE <AIRCO)
HEAT: 3P9530 01021A4A 3/32 INCH <2.38 mm) CBl
4. FLUX LINCOLN 880 LOT 65-Y CCJ
5. FLUX OERLIKON 0P121TT LOT 120004
CA] Made under MIL S-16216H
[83 Made under MIL E-23765/2
CC3 Made under MIL E-18251C
BASE PLATE DATA
YIELD 94,200 PSI/ 650 MPA
92,900 / 641
ULT 107,600 PSI/ 742 MPA
106,600 / 736
ELONGATION 20X
REDUCTICW IN 63. IX
AREA 65.3*/
CHARPY ENERGY 110 -ft lbs/ 149 J
AT -120 F 96 / 130 J
<-84 C) 92 / 125 J
The HY-80 plate used had been water quenched -from 1650 F(900 C)
Tempering was done at 1220 F <660 C)
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